Minicells are small, anucleate cells resulting from aberrant cell divisions at the polar ends of bacilli. We have isolated minicell-producing mutant strains of Shigella flexneri 2a (MC-I) and Shigella dysenteriae 1 (MC-V) after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine. Microscopically, broth cultures of MC-I and MC-V were found to contain free minicells, normal cells, and filamentous cells with polar, attached minicells. Both strains retained their ability to provoke keratoconjunctivitis in guinea pigs and to invade HeLa cells. Purified suspensions of minicells containing less than one whole cell per 106 minicells were obtained by a combination of differential sedimentation and density gradient centrifugation (5 to 30% [wt/vol] linear sucrose gradients). Each MC-I minicell contained about 0.005 times the amount of deoxyribonucleic acid of one normal S. flexneri. The MC-V minicell had about 0.003 times the amount of deoxyribonucleic acid of one whole S. dysenteriae cell. Purified MC-V minicells were treated with polymyxin B to release Shiga toxin. Shiga toxin was readily detected in MC-V minicells by means of a microtiter HeLa cell cytotoxicity assay. Our findings indicate that such a minicell-producing alteration in the cell division cycle of shigellae has not significantly affected their virulence.
Minicells are small, anucleate cells resulting from aberrant cell divisions at the polar ends of bacilli. We have isolated minicell-producing mutant strains of Shigella flexneri 2a (MC-I) and Shigella dysenteriae 1 (MC-V) after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine. Microscopically, broth cultures of MC-I and MC-V were found to contain free minicells, normal cells, and filamentous cells with polar, attached minicells. Both strains retained their ability to provoke keratoconjunctivitis in guinea pigs and to invade HeLa cells. Purified suspensions of minicells containing less than one whole cell per 106 minicells were obtained by a combination of differential sedimentation and density gradient centrifugation (5 to 30% [wt/vol] linear sucrose gradients). Each MC-I minicell contained about 0.005 times the amount of deoxyribonucleic acid of one normal S. flexneri. The MC-V minicell had about 0.003 times the amount of deoxyribonucleic acid of one whole S. dysenteriae cell. Purified MC-V minicells were treated with polymyxin B to release Shiga toxin. Shiga toxin was readily detected in MC-V minicells by means of a microtiter HeLa cell cytotoxicity assay. Our findings indicate that such a minicell-producing alteration in the cell division cycle of shigellae has not significantly affected their virulence.
A mutant strain of Escherichia coli K-12 has been shown by Adler et al. (1) to have an aberrant cell division cycle which causes the production of small anucleate cells termed minicells.
Since that report, minicell-producing mutants of Salmonella, Bacillus, and other genera have been isolated (5) . Studies have revealed that suspensions of minicells with less than one contaminating parental cell per 106 minicells can be prepared by a combination of differential and rate-zonal sucrose density gradient centrifugation (1, 5) . Purified minicells, although lacking chromosomal deoxyribonucleic acid (DNA), contain normal levels of protein and ribonucleic acid (RNA) (1, 5) . Although they are incapable of cell division, minicells possess functional cell wall, ribosomal, and metabolic systems (5) .
The uniqueness of the minicell system has been utilized as a model for studying the cell division cycle and the function and replication of plasmids (5) . Its use as a model for studying factors related to pathogenesis of diseases has not been exploited. Thus, we have initiated studies to prepare and characterize minicell-producing mutants of various pathogens known to cause enteric diseases. In the present report, we describe the isolation and characterization of minicell-producing strains of Shigella flexneri 2a and Shigella dysenteriae 1 which retain their property of virulence.
MATERIALS AND METHODS
Bacterial strains. The S. flexneri 2a strain from which a minicell-producing mutant was isolated was M42-43, a virulent strain previously shown to elicit classical dysentery in humans and other primates (4) . S. dysenteriae 1 strain 1617, isolated during the recent epidemic of Shiga dysentery in Central America, was employed as the parent for constructing a minicellproducing mutant of S. dysenteriae 1. This strain readily produces a toxin which possesses cytotoxic and enterotoxic properties (Shiga toxin); it is able to invade the intestinal mucosa efficiently (7) .
Media. Penassay broth (Difco Laboratories), brain heart infusion broth, and Trypticase soy agar (BBL Microbiology Systems) were used for routine cultivation of organisms. For cytotoxin assays, the organisms were grown in modified syncase (7), which contains basic salts, 1% certified Casamino Acids (Difco Laboratories), 2% glucose, 0.004% tryptophan, and 0.004% nicotinic acid.
Mutagenesis. Bacteria, grown overnight at 37°C in 10 ml of Penassay broth, were centrifuged and resuspended in 0.5 ml of fresh Penassay broth. Then 0.1 ml of N-methyl-N'-nitro-N-nitrosoguanidine solution (4.0 mg/ml) was added to the cell suspension.
After 20 min of incubation at 37°C, 4.5 ml of additional Penassay broth was added to the cell suspension.
Incubation at 37°C was allowed to continue for another 5 h, at which time the bacterial suspensions were diluted and plated on Trypticase soy agar.
Sereny test for epithelial cell penetration (15 gnmol of glutamine, 50 ,ug of streptomycin, and 50 ,ug of penicillin G per ml and maintained in an atmosphere of 5% CO2 and 95% air. Trypsinized cells were used to prepare monolayers on cover slips placed on the bottom of sterile petri dishes. About 24 h before and again immediately before infection of such monolayers with bacteria, the tissue culture medium was removed and replaced with antibiotic-free medium. The monolayers were infected to yield a final concentration of about 5 x 107 bacteria per ml. After a 5-h incubation period, the monolayers were washed three times with Hanks balanced salt solution and supplemented with fresh antibiotic-free medium. Cover slips were removed at 7 h postinfection, rinsed in saline, fixed in methanolacetic acid mixture (3:1), and stained with Giemsa stain.
Purification of minicells. Purified suspensions of minicells were prepared by procedures similar to those previously described (1, 5) . Bacteria were grown in brain heart infusion broth at 37°C with aeration for 24 to 36 h. After a preliminary low-speed centrifugation (2,000 x g for 10 min) to remove a large proportion of the whole cells, the minicell-rich supernatant fluid was centrifuged for 20 min at 20,000 x g. The resulting pellets, which contained both minicells and whole cells, were resuspended to yield a cell concentration of about 50-to 100-fold greater than the original culture. Samples (about 2.0 ml) of this suspension were then layered on 50-ml preformed sucrose density gradients (5 to 30% [wt/vol]) and centrifuged for 20 min at 3,000 rpm in a Beckman L3 ultracentrifuge equipped with an SW 25.2 swinging-bucket rotor. This procedure resulted in the separation of a large, dense band of minicells which was distinct from a secondary diffuse band found to consist mostly of whole cells. The minicells were withdrawn from the gradient with a syringe, suspended in saline with gelatin, and sedimented at 20,000 x g for 15 min. A second and, on occasion, third sucrose density gradient separation was employed to obtain highly purified preparations of minicells. (8) .
RESULTS
Isolation of minicell-producing mutants. Minicell-producing mutants were isolated after mutagenesis of parental strains with N-methyl-N'-nitro-N-nitrosoguanidine. Cells surviving mutagenesis were plated on Trypticase soy agar, and after 18 h of incubation at 370C, the colonies were examined for an aberrant colonial morphology. We reasoned that minicell-producing mutants would produce irregular, rough-looking colonies due to their ability to form filamentous cells (5) . Saline suspensions of such aberrant clones were then screened for the presence of minicells by examination with a light-phase microscope. Isolates which were filamentous or which produced small spherical cells were cloned and further tested to establish their minicellproducing capacity. Minicell-producing mutants of S. flexneri 2a M42-43, designated MC-I, and of S. dysenteriae 1 1617, designated MC-V, were recovered.
Broth culture of both mutants yielded similar findings with respect to cell morphology. When examined with a light microscope, such cultures were heterogeneous in that they contained cells which were either smaller or larger than wild type, some cells which were filamentous, and free minicells. Figure 1 shows a low-magnification phase-interference micrograph of live cells from an exponentially growing culture of M42-43 MC-I. In addition to free minicells, a cell undergoing asymmetrical division to yield a minicell is also shown. Examination of S. dysenteriae 1 1617 MC-V gave similar findings.
The purification of free minicells by means of sucrose density gradient centrifugation is shown in Fig. 2 . Such purified minicell suspensions of MC-I and MC-V, when plated on Trypticase soy agar to determine the level of contaminating whole cells, were usually found to contain less than one whole cell per 106 minicells. The number of minicells in such suspensions was determined by the use of a phase-contrast microscope equipped with a Petroff-Hausser counting chamber. The DNA content of purified MC-I and MC-V minicells (Table 1 ) was found to be small as compared with that of whole cells.
Virulence properties ofS. flexneri 2a MC-I and S. dysenteriae 1 MC-V. Both minicellproducing mutants retained properties related to virulence of shigellae. Although their colonial morphologies were typical of rough strains and they tended to sediment when grown in liquid medium, both strains agglutinated specifically in respective antisera and were insensitive to rough strain-specific phages (16) which only lyse strains defective in smooth lipopolysaccharide structure. Both strains evoked a positive Sereny test for conjunctivitis (15) , which reflects the capacity of shigellae to penetrate epithelial cells.
Their invasive ability was further illustrated by the penetration of HeLa cells. About 5% of HeLa cells were invaded within 7 h after bacterial infection was initiated, which was typical of the parental strains. Figure 3 shows such invasion of S. flexneri MC-I. Although the parent strain M42-43 does not form filaments, the filament-forming ability of MC-I, typical of many minicell-producing mutants (5), is readily evident. Free MC-I minicells were often seen in the cytoplasm of such infected HeLa cells. Although similar penetration of HeLa cells was detected with S. dysenteriae MC-V, degeneration of the monolayer was apparent at 7 h, a reflection of the cytotoxic activity of the Shiga toxin that MC-V produces.
Purified minicells were also examined to determine whether they could invade HeLa cells. Even at infection doses of 1010 pure MC-I or MC-V minicells per 105 HeLa cells, no morphological evidence of minicell penetration was seen. With purified MC-V minicells, however, cytotoxic effects to the HeLa cell monolayer were apparent, suggesting that individual minicells retained significant levels of Shiga toxin. To culture of S. flexneri M42-43 establish this, 1010 purified minicells of MC-I and MC-V were treated with polymyxin B to release Shiga toxin. The extracts were then assayed for toxin activity by using the HeLa cell cytotoxicity assay. As shown in Table 2 , within 2 min of polymyxin B treatment, significant release of toxin from pure MC-V minicells could be detected. No such toxin release was detected with MC-I minicells. This is not surprising since it has been shown that S. flexneri extracts contain at least 103-fold less toxin than similar preparations of S. dysenteriae 1 (13) . DISCUSSION Minicell-producing mutants of S. flexneri 2a and S. dysenteriae 1 were recovered after mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine. Our characterization of S. flexneri 2a MC-I and S. dysenteriae 1 MC-V revealed that their general properties were typical of other minicell-producing mutants. Free MC-I and MC-V minicells were produced by aberrant cell divisions at the polar ends of these mutant bacteria (Fig. 1) . Such free minicells, readily purified from stationary-phase cultures of both mutants by using differential rate sedimentation in linear sucrose gradients, were found to contain little DNA ( Table 1 (5) . Since the presence of cryptic plasmids in shigellae has long been known (14) and recently confirmed (11) , it is possible that Control <1:5 1:20 a Toxin titer is defined as the amount of toxin that will cause a 50% detachment of a HeLa cell monolayer after overnight incubation (8) .
